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1
SEMICONDUCTOR DEVICE

CROSS-REFERENCE TO RELATED
APPLICATION

This application claims priority from Japanese Patent
Application No. 2013-204889 filed on Sep. 30, 2013, the
entire subject matter of which is incorporated herein by ref-
erence.

TECHNICAL FIELD

This disclosure relates to a structure of a semiconductor
device having a main electrode formed on a surface of a
semiconductor substrate.

BACKGROUND ART

A DMOS (Double Diffused MOSFET) structure is
adopted as a structure of a power MOSFET that is used as a
power semiconductor device. In the DMOS structure, a semi-
conductor substrate having an n-type layer (an epitaxial layer)
formed on an n*-type substrate configured to function as a
drain is used. A p-type layer to be a body region is locally
formed on a surface of the n-type layer by an ion implantation
and the like. Also, an n*-type layer to be a source region is
locally formed in the p-type layer on the surface. A switching
(on-and-off) of a channel in the body region just below a gate
electrode adjacent to the n*-type layer to be a source region is
controlled by a voltage applied to the gate electrode, so that a
switching operation is performed. The MOSFET having the
above configuration is disclosed in WO 2009/128382. The
semiconductor substrate is made of Si or silicon carbide
(SiC). In any case, it is possible to obtain a power semicon-
ductor device having the same structure although the manu-
facturing processes thereof are different.

Without being limited to the technology disclosed in WO
2009/128382, in the above DMOS structure, a source elec-
trode is formed on the surface, and the source electrode is
connected with the source region (n*-type layer) of the sur-
face and the body region (p-type layer). Since a large current
flows through the source electrode during an operation, it is
necessary to reduce a contact resistance between the source
electrode and the n*-type layer, p-type layer. According to the
technology disclosed in WO 2009/128382, a material of an
electrode directly contacting the same is optimized to reduce
the contact resistance.

SUMMARY

As a device is made to be smaller, an area of the n*-type
layer to be the source region is reduced. In this case, even
when the material of the electrode is optimized, it is difficult
to sufficiently reduce the contact resistance because a contact
area with the source electrode is reduced. This situation is
particularly appeared when the semiconductor substrate is
made of SiC.

Accordingly, it is difficult to sufficiently reduce the contact
resistance of the source electrode formed on the semiconduc-
tor substrate.

In view of the above, this disclosure provides at least semi-
conductor device having a main electrode formed on a surface
of a semiconductor substrate.

Aspects of'this disclosure will be described below. A semi-
conductor device of this disclosure includes a semiconductor
substrate, a surface of which is provided with: a source region
having a first conductivity type is formed in a body region
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having a second conductivity type opposite to the first con-
ductivity type; a main electrode connected to the source
region and the body region; and a gate electrode, to which a
voltage for controlling a current flowing through the main
electrode is applied. The semiconductor device includes a
recess formed in the surface of the semiconductor substrate,
wherein the source region is exposed on an inner surface of
the recess and the main electrode is connected to the source
region at the inner surface of the recess.

In the above-described semiconductor device, the body
region and the source region may be sequentially formed on
the inner surface of the recess.

In the above-described semiconductor device, a body-re-
gion-connecting region to which the body region and the
main electrode are connected may be provided at a position
higher than a bottom surface of the recess.

In the above-described semiconductor device, the gate
electrode may extend in one direction on the surface of the
semiconductor substrate, and the recess and the body-region-
connecting region may be alternately provided in a direction
parallel with the gate electrode.

In the above-described semiconductor device, the gate
electrode may extend in one direction on the surface of the
semiconductor substrate, the source region and the body
region may be formed on the surface of the semiconductor
substrate at both sides perpendicular to the one direction of
the gate electrode, and the recess may be formed at one side of
both sides perpendicular to the one direction, and the main
electrode may be connected to the source region formed in the
recess.

In the above-described semiconductor device, a body-re-
gion-connecting region to which the body region and the
source electrode are connected may be provided on a bottom
surface of the recess.

In the above-described semiconductor device, the main
electrode and at least one of the source region and the body
region may be connected to each other through a silicide
electrode.

Since this disclosure is configured as described above, it is
possible to sufficiently reduce the contact resistance of the
source electrode formed on the surface of the semiconductor
substrate.

BRIEF DESCRIPTION OF THE DRAWINGS

The foregoing and additional features and characteristics
of this disclosure will become more apparent from the fol-
lowing detailed descriptions considered with the reference to
the accompanying drawings, wherein:

FIG. 1A is a sectional view of a semiconductor device
according to an illustrative embodiment of this disclosure and
FIG. 1B is a plan view thereof;

FIGS. 2A to 2K are process sectional views illustrating a
method of manufacturing the semiconductor device accord-
ing to the illustrative embodiment of this disclosure;

FIG. 3 is a plan view of a first modified embodiment of the
semiconductor device according to the illustrative embodi-
ment of this disclosure;

FIG. 4Ais aplan view of a second modified embodiment of
the semiconductor device according to the illustrative
embodiment of this disclosure and FIG. 4B is a sectional view
thereof;

FIG. 5A is a plan view of a third modified embodiment of
the semiconductor device according to the illustrative
embodiment of this disclosure and

FIGS. 5B and 5C are sectional views thereof; and
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FIG. 6 is an example illustrating a relation of a distance
between a p-type layer and an n*-type substrate and a with-
standing voltage between a source and a drain.

DETAILED DESCRIPTION

Hereinafter, a semiconductor device according to illustra-
tive embodiments of this disclosure will be described. The
semiconductor device is a MOSFET in which a current flow-
ing between a source electrode and a drain electrode is
switched (on-and-off control) by a gate electrode formed on a
semiconductor substrate. The MOSFET is formed using a
semiconductor substrate made of silicon (Si) or silicon car-
bide (SiC). In the semiconductor device, a source electrode is
formed on a surface of the semiconductor substrate and a
contact resistance thereof is sufficiently reduced.

FIGS. 1A and 1B are a sectional view and a plan view,
respectively, illustrating a structure of the semiconductor
device 10. In the plan view (FIG. 1B), only a configuration in
the semiconductor substrate is shown and a gate electrode, a
source electrode and the like are not shown. The sectional
view of FIG. 1A shows a section as seen in an arrow A-A
direction of FIG. 1B.

Here, a semiconductor substrate 20 having an n-type layer
22 formed on an n*-type substrate 21 is used. The semicon-
ductor substrate is made of Si, SiC and the like. Although
p-type layers 31 to be a body region are formed at two places
in FIG. 1 on a surface of the semiconductor substrate 20, the
p-type layers 31 have different shapes. A gate electrode 40 is
formed with a gate oxide film 41 being interposed between
the two p-type layers 31.

Here, while the p-type layer 311, at right side, is formed on
the surface of the semiconductor substrate 20 (the n-type
layer 22), similarly to the technology disclosed in WO 2009/
128382 and the like, the p-type layer 312, at left side, is
formed on an inner surface of a recess 25 formed in the
semiconductor substrate 20 (the n-type layer 22). Atthis time,
ann*-type layer 32 to be a source region is formed on surfaces
of'both the p-type layers 311, 312. Also, a p*-type layer 33 is
formed penetrating through the n*-type 32 formed on the
right p-type layer 311. The p*-type layer 33 is a body-region-
connecting region provided to connect the underlying p-type
layer (the body region) 31 and the source electrode (the main
electrode).

As shown in FIG. 1B, the recess 25 extends in a direction
perpendicular to the paper sheet of FIG. 1A, and the p-type
layers 311, 312, the n*-type layer 32, the p*-type layer 33 and
the like are formed along the recess. This is also the same for
the gate electrode 40 and the gate oxide film 41.

At the right side of the gate electrode 40 at the center of
FIG. 1A, a silicide electrode 42 configured to cover the
n*-type layer 32 and p*-type layer 33 exposed on the surface
of the semiconductor substrate 20 and made of Ni silicide
(NiSi) is formed. Also, at the left side of the gate electrode 40,
the silicide electrode 42 is formed to cover the n*-type layer
32 exposed on the inner surface (a side surface and a bottom
surface) of the recess 25. An upper surface of the gate elec-
trode 40 is covered by an interlayer insulation layer 43 and
then a source electrode 50 is formed over an entire surface in
FIG. 1. Thereby, the n*-type layer 32 and the p*-type layer 33
formed at the right side of the gate electrode 40 and the
n*-type layer 32 formed in the recess 25 at the left side of the
gate electrode 40 are connected to the common source elec-
trode (the main electrode) 50. Also, a drain electrode 51 is
formed on the n*-type substrate 21 exposed on a backside of
the semiconductor substrate 20.
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Meanwhile, in an actual semiconductor device, the con-
figuration of FIGS. 1A and 1B is formed in plural in a hori-
zontal direction, and the source electrode 50, the drain elec-
trode 51 and the gate electrode 40 are electrically connected,
respectively. To this end, the source electrode 50 and the drain
electrode 51 are respectively formed to cover the surface and
backside of the semiconductor substrate 20 over a wide range.
Also, all the gate electrodes 40 are connected to a common
gate wiring and are taken out as independent terminals from
the source electrode 50, at a place beyond the shown range,
for example, at an end portion in the extending direction of the
recess 25 on the surface of the semiconductor substrate 20.
The p-type layers 311, 312 are also the same and are con-
nected at a place beyond the shown range, as the common
p-type layer 31, like the gate electrode 40.

The above-described structure is configured to function as
a MOSFET (a power MOSFET) capable of controlling a
current flowing between the source electrode 50 and the drain
electrode 51 by applying a voltage to the gate electrode 40. At
this time, a channel is formed on surfaces of the right p-type
layer 311 and left p-type layer 312 of the gate electrode 40.
The current flowing through the channel further flows in a
vertical direction along the n-type layer 22. At this time, the
silicide electrode 42 is provided, so that a contact resistance
with the n*-type layer 32 and the p*-type layer 33 can be
lowered.

In the above structure, the p-type layer 312 and the n*-type
layer 32 are sequentially formed in the recess 25, and the
n*-type layer 32 is exposed on the inner side surface and
bottom surface of the recess 25. Therefore, it is possible to
increase a contact area of the silicide electrode 42 and the
n*-type layer 32. At this time, the contact area can be
increased by using the side surface of the recess 25, particu-
larly. Hence, when the recess 25 is deeply formed, it is pos-
sible to increase the contact area without enlarging the entire
device, thereby reducing the contact resistance.

Here, the n*-type layer (the source region) 32 and the
p-type layer (the body region) 31 are connected to the gate
electrode 40, and the formation of the recess 25 increases the
contact area only forthe n*-type layer 32. In general, the large
current flows between the source region (the n*-type layer)
and the drain electrode in the MOSFET, and a main purpose
to connect the source electrode to the p-type layer (the body
region) is to control a potential during an operation. There-
fore, the above configuration is effective where the large
current does not flow through the p-type layer 31 (the p-type
layers 311, 312) during the operation and the contact resis-
tance can be reduced only for the n*-type layer 32.

At this time, the n*-type layer 32 to be the source region is
formed at both sides of the gate electrode 40. The contact area
between the n*-type layer 32 at the left side of the central gate
electrode 40 in FIG. 1A and the source electrode 50 is
increased but the contact area between the right n*-type layer
32 and the source electrode is not increased. However, since
the left n*-type layer 32 and the right n*-type layer 32 are
connected to the common source electrode 50, they function
as the source region of the MOSFET in the same manner.

Also, in FIG. 1, the p-type layer 31 connected to the source
electrode 50 is only the p-type layer 311 via the p*-type layer
33, and the p-type layer 312 is not directly connected to the
source electrode 50. However, as described above, since the
p-type layer 31 is actually integrated in the semiconductor
substrate 20, the potentials of the p-type layers 311, 312 are
controlled as the potential of the source electrode 50.

To this end, in the configuration of FIG. 1A, the n*-type
layer 32 and the source electrode 50 are electrically connected
at the left side of the central gate electrode 40. Also, at the
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corresponding part, the contact area between the n*-type
layer 32 and the source electrode 50 is increased and the
silicide electrode 42 is interposed to reduce the contact resis-
tance. On the other hand, the n*-type layer 32 is mainly
electrically connected to the p-type layer 31 at the right side of
the central gate electrode 40. Also at the corresponding part,
the p*-type layer 33 and the silicide electrode 42 are inter-
posed to reduce the contact resistance.

Also, as described above, the operating current flows from
the source region (the n*-type layer 32) along the channel
below the gate electrode 40 and further flows downwardly
along the n-type layer 22. At this time, when the recess 25 is
formed, the current path in the n-type layer 22 is narrowed. In
contrast, in the above structure, the recess 25 is formed at the
left side of the gate electrode 40, so that the contact area
between the n*-type layer 32 and the source electrode 50 is
increased, the p*-type layer 33 (the body-region-connecting
region) is provided at a position higher than the bottom sur-
face of the recess 25 at the right side of the gate electrode 40.
Thereby, it is possible to widen the current path in the vertical
direction in the n-type layer 22, thereby suppressing an
increase in the resistance of the corresponding part.

Like this, according to the above semiconductor device, it
is possible to reduce the contact resistance of the source
electrode 50, thereby easily performing the large current
operation.

In the below, a method of manufacturing the above semi-
conductor device is described. First, as shown in FIG. 2A, the
semiconductor substrate 20 is prepared in which the n-type
layer 22 of SiC is formed on the n*-type substrate 21 of SiC by
the epitaxial growth. Meanwhile, although it is shown that the
n*-type substrate 21 is thinner than the n-type layer 22, the
film thicknesses are arbitrarily set.

Then, as shown in FIG. 2B, the recess 25 is formed in the
surface of the semiconductor substrate (the n-type layer 22).
The recess 25 can be formed by a dry etching using a gas such
as CF,,, SF, and the like with a photoresist configured to serve
as a mask, and may have a depth of about 1 um, for example.

Subsequently, as shown in FIG. 2C, the p-type layer 31 (the
p-type layers 311, 312) is formed by the ion implantation
using a photoresist as a mask. At this time, aluminum (Al) can
beused as anion species, for example, and the energy of about
280 to 700 keV can be used. At this time, a high alignment
precision with the recess 25 is required. However, since aused
alignment mark is formed as a recess portion on the semicon-
ductor substrate 20 simultaneously with the dry etching of the
recess 25, it is possible to increase the alignment precision.
After the ion implantation, the photoresist is removed and a
heat treatment is performed, so that the p-type layer 31 is
formed.

Likewise, as shown in FIG. 2D, the n*-type layer 32 is
formed in the p-type layer 31. At this time, the ion implanta-
tion is performed using phosphorous (P) ions of the energy of
about 70 to 200 keV.

Then, as shown in FIG. 2E, the p*-type layer 33 is formed
in the n*-type layer 32 formed in the p-type layer 311 by the
ion implantation. This process can be performed in the same
manner as that shown in FIG. 2C, except for a mask pattern
and an ion dosage. In this case, the dosage is preferably
greater than the dosage used for the formation of the p-type
layer 31 by double digits or larger.

In the meantime, the sequence of the ion implantation for
forming the p-type layer 31 (FIG. 2C), the ion implantation
for forming the n*-type layer 32 (FIG. 2D) and the ion
implantation for forming the p*-type layer (FIG. 2E) may be
changed. Also, the heat treatment may be once performed
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only after the final ion implantation of the ion implantations is
performed. At this time, the temperature is about 1,800° C.,
for example.

Subsequently, as shown in FIG. 2F, the semiconductor
substrate 20 having the shape shown in FIG. 2E is thermally
oxidized, so that the gate oxide film 41 made of SiO, is
formed on the surface. A thickness thereof'is about 50 nm, for
example.

Then, as shown in FIG. 2G, the gate electrode 40 is formed
on the gate oxide film 41. For the gate electrode 40, polycrys-
talline silicon in which phosphorous (P) or boron (B) is
heavily doped may be used. After a film of this material is
formed on the entire surface by a CVD method and the like,
the dry etching using a photoresist as a mask is performed to
configure the shape of FIG. 2G.

Subsequently, as shown in FIG. 2H, the interlayer insula-
tion layer 43 is formed on the entire surface. For the interlayer
insulation layer 43, SiO, may be used, like the gate oxide film
41. However, the interlayer insulation layer 43 is formed to be
thicker than the gate oxide film 41, for example, to have a
thickness of about 600 nm by the CVD method and the like.

Then, as shown in FIG. 21, the interlayer insulation layer
43 and the gate oxide film 41 are locally etched to expose the
surface of the semiconductor substrate 20, which will contact
the source electrode 50. This process can be performed by the
dry etching using a gas such as CHF; with a photoresist
configured to serve as a mask. Thereby, the p-type layer 312
and the n*-type layer 32 in the recess 25 are exposed at the left
side of the gate electrode 40 and the n*-type layer 32, and the
p*-type layer 33 are exposed at the right side of the gate
electrode 40.

Then, as shown in FIG. 2], the silicide electrode 42 is
formed in the opening of the interlayer insulation layer 43.
Actually, after forming a film of a metal material (for
example, Ni) to be the silicide electrode 42 without removing
the used photoresist in the dry etching in the process of FI1G.
21, it is performed removing the photoresist and then per-
forming a heat treatment causing a silicidization reaction.
Thereby, the metal material formed on the place except for the
opening of the interlayer insulation layer 43 is removed and
the silicide electrode 42 can be formed only at the place
except for the opening.

After that, as shown in FIG. 2K, the source electrode 50 is
formed on the surface and the drain electrode 51 is formed on
the backside. Thereby, the semiconductor device having the
configuration shown in FIG. 1 is easily manufactured.

Meanwhile, in the above configuration, a configuration
other than the configuration shown in FIG. 1 can be used for
the recess 25 and the p*-type layer 33. FIG. 3 is a plan view of
a semiconductor device having this configuration (a first
modified embodiment). A sectional view as seen in a B-B
direction is the same as FIG. 1A, and a sectional view as seen
in a C-C direction is a mirror-reversed shape of FIG. 1A.

Inthe configuration of FIG. 1, the recess 25 is continuously
formed and the p*-type layer 33 (the body-region-connecting
region) is formed in parallel with the recess 25. In contrast, in
the configuration of FIG. 3, the recess 25 and the p*-type layer
33 are alternately formed. By this configuration, the contact
parts to the n*-type layer 32 and the p*-type layer 33 (the
p-type layer 31) are dispersed, so that it is possible to uni-
formly supply the current to the source electrode 50 and to
uniformly make a potential distribution of the p-type layer 31.
At this time, the sidewalls of the recess 25 are used to reduce
the contact resistance to the n*-type layer 32, which has been
also described above. Also, the current path in the vertical
direction in the n-type layer 22 is widened, which has been
also described above.
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FIG. 4A is a plan view of a semiconductor device accord-
ing to a second modified embodiment in which the recess 25
is formed at both sides of the gate electrode 40, and FIG. 4B
is a sectional view thereof as seen in a D-D direction. In this
configuration, the left and right structures of the gate elec-
trode 40 are symmetrical. In this case, it is possible to increase
the contact area of the source electrode 50 at both left and
right sides of the gate electrode 40. Also, it is possible to
increase a total area of the p*-type layer (the body-region-
connecting region) 33. Therefore, it is possible to particularly
reduce the contact resistance of the source electrode 50. How-
ever, this configuration is particularly effective when the
resistance of the n-type layer 22 is sufficiently low during the
operation, because the current path in the vertical direction in
the n-type layer 22 is narrowed.

Also, all the above semiconductor devices are a planar gate
type having a gate electrode formed on a surface. However,
the same configuration can be also applied to a trench gate
type having a gate electrode formed in a recess. FIG. 5A is a
plan view of a semiconductor device having this configura-
tion (a third modified embodiment), FIG. 5B is a sectional
view as seen in an E-E direction, and FIG. 5C is a sectional
view as seen in an F-F direction. In the plan view (FIG. 5A),
the p-type layer 31, the n*-type layer 32, the source electrode
50 and the like are not shown. In this semiconductor device, a
gate recess 61 is formed and the gate oxide film 41 and the
gate electrode 40 are formed therein. The recess 25 is pro-
vided in parallel in the gate recess 61. Like the first modified
embodiment, the recess 25 and the p*-type layer 33 are alter-
nately formed, so that the same effects are accomplished.
That is, it is possible to make the connection structure of the
source region and the source electrode same in the trench gate
type device as well as in the planar gate type device.

In all the configurations, when the recess 25 is deeply
formed, the contact resistance of the source electrode 50 is
reduced. Also, since an interval between the p-type layer 31
(311) on the bottom surface of the recess 25 and the n*-type
substrate 21 connected to the drain electrode 51 is narrowed,
the withstanding voltage between the source and the drain is
lowered. FIG. 6 is an example illustrating a relation of the
distance between the p-type layer and the n*-type substrate
and the withstanding voltage between the source and the
drain, when the semiconductor substrate is made of SiC.
From the result, it can be seen that the distance is preferably
set to be about 7 um or longer when it is necessary to secure
the withstanding voltage of 1,200V or higher. For example,
when the thickness of the n-type layer 22 is 11 um and the
thickness of the p-type layer 31 is 1 um, a maximum depth of
the recess 25 capable of securing the withstanding voltage of
1,200V is 3 pm.

In the above embodiments, the method of connecting the
source electrode and the p-type layer is arbitrary. For
example, in FIG. 1 and the like, instead of forming the p*-type
layer 33, it may be possible to remove the n*-type layer 32 in
the same region by the etching, thereby forming a contact
with the p-type layer 31 (the body region). Also, in the above
embodiments, the source region is an n-type (a first conduc-
tivity type) and the body region is a p-type (a second conduc-
tivity type). However, it is obvious that even when the con-
ductivity type is opposite, it is possible to accomplish the
same effects by the same configuration.

Also, in the above embodiments, the source electrode is
connected to the semiconductor substrate through the silicide
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electrode. However, when it is possible to obtain the suffi-
ciently low contact resistance even though the silicide elec-
trode is not used, the silicide electrode is not required.

Meanwhile, in the above embodiments, the semiconductor
device is a MOSFET (a power MOSFET). However, it is
obvious that the same structure is also effective for a semi-
conductor device in which the same structure is used on a
surface of a semiconductor substrate, for example, IGBT
(Insulated Gate Bipolar Transistor).

What is claimed is:

1. A semiconductor device comprising:

a semiconductor substrate, a surface of the semiconductor
substrate provided with:

a source region having a first conductivity type formed
in a body region, the body region having a second
conductivity type opposite to the first conductivity
type;

a main electrode connected to the source region and the
body region; and

a gate electrode, to which a voltage for controlling a
current flowing through the main electrode is applied;
and

a recess formed in the surface of the semiconductor sub-
strate,

wherein the source region is exposed on an inner surface of
the recess, and

wherein the body region and the source region are sequen-
tially formed on the inner surface of the recess and the
main electrode is connected to the source region at the
inner surface of the recess.

2. The semiconductor device according to claim 1,

wherein a body-region-connecting region to which the
body region and the main electrode are connected is
provided at a position higher than a bottom surface ofthe
recess.

3. The semiconductor device according to claim 2,

wherein the gate electrode extends in one direction on the
surface of the semiconductor substrate, and

wherein the recess and the body-region-connecting region
are alternately provided in a direction parallel with the
gate electrode.

4. The semiconductor device according to claim 2,

wherein the gate electrode extends in an extending direc-
tion on the surface of the semiconductor substrate,

wherein the source region and the body region are formed
on the surface of the semiconductor substrate on both
sides, in a direction perpendicular to the extending direc-
tion, of the gate electrode, and

wherein the recess is formed at one side of the sides of the
gate electrode in the direction perpendicular to the
extending direction, and the main electrode is connected
to the source region formed in the recess.

5. The semiconductor device according to claim 1,

wherein a body-region-connecting region to which the
body region and the main electrode are connected is
provided on a bottom surface of the recess.

6. The semiconductor device according to claim 1,

wherein the main electrode and at least one of the source
region and the body region are connected to each other
through a silicide electrode.
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